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PREFACE 


Since  1959,  the  Naval  Civil  Engineering  Laboratory  has  been  develop¬ 
ing  the  technology  necessary  for  designing,  constructing,  inspecting 
and  maintaining  structures  and  fixed  equipment  on  the  ocean  floor.  A 
part  of  this  program  is  to  determine  the  effects  of  deep  ocean  environ- 
ments  on  the  corrosion  of  metals  and  alloys. 

A  Submersible  Test  Unit  (STU)  was  designed,  on  which  many  test 
specimens  can  be  mounted.  The  STU  can  be  lowered  to  the  ocean  floor 
for  long  periods  of  exposure,  then  retrieved. 

Thus  far,  two  deep-ocean  test  sites  in  the  Pacific  Ocean  have  been 
selected.  Six  STUs  have  been  exposed  and  recovered.  Test  Site  I 
(nominal  depth  of  6,000  feet)  is  approximately  81  nautical  miles  west- 
southwest  of  Port  Hueneme,  California,  latitude  33°44'N  and  longitude 
120°45'W.  Test  Site  II  (nominal  depth  of  2,500  feet)  is  75  nautical 
miles  west  of  Port  Hueneme,  California,  latitude  34o06*N  and  longitude 
120°42'W.  In  addition,  a  surface  sea  water  exposure  site  (V)  was 
established  at  Point  Mugu,  California,  latitude  34°06'N  and  longitude 
119°07,W.  to  obtain  surface  immersion  data  for  comparison  purposes. 

This  report  presents  the  results  of  the  evaluations  of  aluminum 
alloys  at  the  above  three  sites. 
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ABSTRACT 

\ 

A  total  of  900  specimens  of  40  different  aluminum  alloys  were  ex¬ 
posed  at  depths  of  2,500  and  6,000  feet  in  the  Pacific  Ocean  for  periods 
of  time  varying  from  123  to  1064  days  in  order  to  determine  the  effects 
of  deep  ocean  environments  on  their  corrosion  resistance. 

Corrosion  rates,  types  of  corrosion,  pit  depths,  stress  corrosion 
cracking  resistance,  changes  in  mechanical  properties  and  compositions 
of  corrosion  products  are  presented. 

Alloys  2219-T87 ,  7079-T6,  7178-T6  and  Alclad  7079-T6  were  sus¬ 
ceptible  to  stress  corrosion  cracking. 

Alloys  2024-T3 ,  7039-T6,  7075-T6,  7079-T6  and  7178-T6  were  attack¬ 
ed  by  the  exfoliation  type  of  corrosion. 

All  the  alloys  were  attacked  by  pitting  and  crevice  types  of 
corrosion. 

With  reference  to  aluminum  alloys,  sea  water  at  depth  was  more 
aggressive  than  at  the  surface  and  the  bottom  sediments  were  more  cor¬ 
rosive  than  the  sea  water  at  depth  in  the  Pacific  Ocean. 

Aluminum  alloys  not  susceptible  to  stress  corrosion  cracking  and 
exfoliation  corrosion  can  be  used  for  deep  sea  applications  if  ade¬ 
quately  protected  and  if  brought  to  the  surface  periodically  for  main¬ 
tenance  of  the  protective  system. 


INTRODUCTION 


The  development  of  deep  diving  vehicles  which  can  stay  submerged 
for  long  periods  of  time  has  focused  attention  on  the  deep  ocean  as 
an  operating  environment.  This  has  created  a  need  for  information  con¬ 
cerning  the  behavior  of  common  materials  of  construction  as  well  as 
newly  developed  materials  with  promising  potentials,  at  depths  in  the 
oceans . 

Since  1959,  the  Naval  Civil  Engineering  Laboratory  has  been  devel¬ 
oping  the  technology  necessary  for  designing,  constructing,  inspecting 
nd  maintaining  structures  and  fixed  equipment  on  the  ocean  floor.  A 
part  of  this  program  is  to  determine  the  effects  of  deep  ocean  environ¬ 
ments  on  the  corrosion  of  metals  and  alloys. 

In  order  to  determine  the  effects  of  deep  ocean  environments  on 
the  corrosion  of  metals  and  alloys,  a  Submersible  Test  Uni  (STU)  was 
designed,  on  which  many  test  specimens  can  be  mounted.  A  I  unit  is 
shown  in  the  inset  of  Figure  1. 

The  test  sites  for  the  deep  ocean  exposures  are  shown  ...i  Figure  1, 
and  their  specific  geographical  locations  are  given  in  Table  1.  The 
complete  oceanographic  data  at  these  sites,  obtained  from  NCEL  cruises 
between  1961  and  1967,  are  summarized  in  Figure  2.  Initially,  it  was 
decided  to  utilize  the  site  at  the  6,000  foot  depth  (STU  1-1,  2,  3,  & 

4).  Because  of  the  minimum  oxygen  concentration  zone  found  between  the 
2,000  and  3,000  foot  depths,  during  the  early  oceanographic  cruises, 
it  was  decided  to  establish  a  second  site  (STU  II-l  and  II-2)  at  a 
nominal  depth  of  2,500  feet.  For  comparative  purposes,  the  surface 
v'ater  site  V  was  established.  Even  though  the  actual  depths  are  shown 
in  the  tables,  the  nominal  depths  of  6,000  and  2,500  feet  are  used 
throughout  the  text. 

A  summary  of  the  characteristics  of  the  waters  10  feet  above  the 
bottom  sediments  at  the  two  deep  ocean  exposure  sites  and  5  feet  below 
the  surface  at  the  surface  exposure  site  is  given  in  Table  1. 

Sources  of  information  pertaining  to  the  biological  characteristics 
of  the  bottom  sediments,  biological  deterioration  of  materials,  de¬ 
tailed  oceanographic  data,  and  construction,  emplacement  and  retrieval 
of  STU  structures  are  given  in  Reference  1.  Bottom  sediments  as  used 
herein  means  the  water-mud  interface  to  a  mud  depth  of  about  six  inches. 

The  procedures  for  the  preparation  of  the  specimens  for  exposure 
and  for  evaluating  them  after  exposure  are  described  in  Reference  2. 

Previous  reports  pertaining  to  the  performance  of  materials  in  the 
deep  ocean  environments  are  given  in  References  1  through  9. 


This  report  presents  a  discussion  of  the  results  of  the  corrosion 
of  aluminum  alloys  obtained  for  the  seven  exposure  periods  shown  in 
Table  1, 

RESULTS  AND  DISCUSSIONS 

The  results  presented  and  discussed  herein  also  include  the  cor¬ 
rosion  data  for  aluminum  alloys  exposed  on  the  STU  structures  for  the 
International  Nickel  Co.,  Inc.  Permission  for  their  incorporation  in 
this  report  has  been  granted  by  Dr.  T.  P.  May,  Reference  10. 

Results  from  other  participants  in  the  NCEL  exposures  are  also  in¬ 
cluded;  they  were  the  Annapolis  Division,  Naval  Ship  Research  and 
Development  Center  (Reference  11)  and  the  Chemistry  Division,  NCEL 
(Reference  12). 

Deep  ocean  corrosion  results  from  the  Atlantic  Ocean  (References 
13  and  14),  surface  water  corrosion  data  from  the  Atlantic  Ocean  (Refer¬ 
ence  15)  and  surface  water  corrosion  data  from  the  Pacific  Ocean 
(References  16  and  17)  are  included  for  comparison  purposes. 

The  chemical  compositions  of  the  aluminum  alloys  are  given  in 
Table  2. 

The  resistance  of  aluminum  and  aluminum  alloys  to  corrosion  is  due 
to  a  relatively  chemically  inert  film  of  aluminum  oxide  which  forms  on 
its  surface.  The  usual  corrosion  product  film  that  forms  on  aluminum 
in  water  at  temperatures  below  70°C  is  Bayerite  ( 0 -AI2O3-3H2O) . 

When  aluminum  is  immersed  in  water  the  oxide  film  thickens  much 
more  rapidly  than  it  does  in  air.  The  rate  of  growth  decreases  with 
time  and  reaches  a  limiting  thickness  which  depends  on  the  temperature, 
the  oxygen  content  of  the  water,  the  ions  present  and  the  pH. 

In  sea  water  this  naturally  formed  protective  film  breaks  do™ 
more  readily  and  i  .s  repair  and  growth  is  retarded  by  the  chloride  ion. 
Since,  this  failure  of  the  protective  film  is  usually  local,  corrosion 
is  in  the  form  of  pitting. 

CORROSION 

The  corrosion  rates,  maximum  and  average  pit  depth,  pitting  fre¬ 
quency,  pitting  factor  and  depth  of  crevice  corrosion  are  given  in 
Tables  3  through  9  and  are  shown  graphically  in  Figures  2  through  27 . 

1000  Series  Alloys 

The  corrosion  rates,  pit  depths  and  types  of  corrosion  of  the  1000 
Series  alloys  are  given  in  Table  3.  The  corrosion  rates  and  pit  depths 
are  shown  graphically  xn  Figures  3  and  4. 

Surface  sea  water  corrosion  rates  for  1100  alloy  decreased  with 
increasing  duration  of  exposure  and  were  lower  than  those  for  equiv¬ 
alent  periods  of  exposure  at  depths  of  2,500  and  6,000  feet.  However, 
in  the  bottom  sediments  (hereafter  the  term  "bottom  sediments"  will  be 


shortened  to  "sediments”)  the  corrosion  rates  at  the  2,500  foot  depth 
were  lower  than  those  _n  surface  sea  water  (hereafter  "water"  will  be 
used  in  place  of  "sea  water")  while  at  6,000  feet  they  were  higher 
than  at  the  surface. 

With  increasing  duration  of  exposure  at  the  2,500  foot  depth,  the 
corrosion  rates  in  the  water  decreased  and  in  the  sediments  they  in¬ 
creased  . 

The  corrosion  rates  in  water  at  the  6,000  foot  depth  increased 
with  increasing  duration  of  exposure  through  750  days  and  thereafter 
decreased.  In  the  sediments  the  overall  trend  was  for  the  corrosion 
rates  to  decrease  with  increasing  duration  of  exposure. 

Compared  to  the  1100  alloy,  in  general  the  1180  alloy  corroded  at 
about  the  same  rates  at  the  2,500  foot  depth,  at  slightly  higher  rates 
at  the  surface,  and  at  lower  rates  at  the  6,000  foot  depth. 

The  pitting  corrosion  of  the  1100  alloy  was  erratic  while  the 
crevice  type  of  corrosion  occurred  in  nearly  all  exposures,  Table  3. 

In  most  cases  the  specimens  were  perforated  by  crevice  corrosion. 

Comparisons  of  the  corrosion  rates  of  1100  alloy  at  depth  and  at 
the  surface  in  both  the  Pacific  and  Atlantic  oceans  are  shown  in 
Figure  4.  The  corrosion  rates  at  the  surface  in  the  Pacific  Ocean  in 
the  NCEL  tests  at  Poin*  Mugu  were  higher  than  those  in  the  Atlantic 
Ocean  at  Harbor  Island,  N.  C.,  (hereafter  shortened  to  "Harbor  Island") 
Reference  15  and  those  in  the  Pacific  Ocean,  Panama  Canal  Zone, 
(hereafter  shortened  to  "Panama  Canal")  Reference  17.  The  corrosion 
rates  at  a  depth  of  5,600  feet  in  the  Atlantic  Ocean,  Reference  13, 
were  higher  than  those  at  the  surface  at  all  locations  but  were  lower 
than  those  in  water  at  the  6,000  foot  depth  in  the  Pacific  Ocean.  In 
the  Pacific  Ocean  .'t  a  dapth  of  2,500  feet  in  water  the  corrosion  rates 
were  about  the  same  as  at  the  5,600  foot  depth  in  the  Atlantic  Ocean 
after  400  days  of  exposure,  (Hereafter  "in  the  Pacific  Ocean"  will 
be  deleted  after  2,500  and  6,000  foot  dephts). 

Aluminum  alloy  1100  corroded  at  slower  rates  when  partially  immers¬ 
ed  in  the  sediments  than  in  water  at  depths  of  2,500  and  6,000  feet. 

The  1100  alloy  '.orroded  at  higher  rates  in  water  at  a  depth  of  6,000 
feet  than  in  surface  exposures  and  for  any  other  depth  of  exposure  in 
both  oceans,  particularly  after  400  days  of  exposure. 

Aluminum  alloy  1180  which  is  purer  than  alloy  1100,  corroded  at 
about  the  same  rate  as  the  1100  alloy  at  the  2,500  foov.  depth  after  400 
days  of  exposure.  Like  the  1100  alloy  it  was  perforated  by  crevice 
corrosion  and  there  were  only  incipient  pits  on  its  surface. 

2000  Series  A.lloys  (Aluminum-Copper  Alloys) 

The  corrosion  rates,  pit  depths  and  types  of  corrosion  of  the  2000 
series  alloys  are  given  in  Table  4.  The  corrosion  rates  and  pit  depths 
are  shown  graphically  in  Figures  5  and  6. 
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The  corrosion  rates  of  2014-T6  at  the  2,500  foot  depth  were  high 
in  both  water  and  when  partially  embedded  in  the  sediments,  being  higher 
in  the  water  after  402  days  of  exposure.  The  average  and  maximum  pit 
depths  were  also  high  with  pitting  frequencies  of  2  per  square  inch  in 
the  sediments  and  4.5  per  square  inch  in  water.  The  pitting  factor  is 
the  maximum  measured  pit  depth  in  mils  divided  by  the  corrosion  rate  as 
mils  penetration  per  year  obtained  from  weight  loss  determinations. 

The  pitting  factors  were  5  in  the  water  and  7  in  the  sediments.  A  pit¬ 
ting  factor  of  1.0  signifies  uniform  corrosion.  Alloy  2014-T6  was  also 
corroded  intergranular ly. 

The  corrosion  rates  of  2024-0  alloy  were  higher  in  surface  waters 
than  in  water  at  the  2,500  foot  depth;  however,  they  were  lower  than 
those  in  water  at  the  6,000  foot  depth  for  equivalent  periods  of  expos¬ 
ure  as  shown  in  Figure  5. 

Corrosion  rates  also  increased  with  time  of  exposure  in  surface 
waters.  The  corrosion  rates  in  water  at  the  2,500  foot  depth  were  con¬ 
stant  itfith  time  of  exposure  while  those  in  the  sediments  increased  with 
time.  At  the  6,000  foot  depth  the  general  trend  was  for  the  corrosion 
rates  to  decrease  with  increasing  duration  of  exposure  both  in  water 
and  sediments. 

At  both  depths  the  2024-0  specimens  were  perforated  (0.062")  by 
pitting  corrosion  within  400  days  of  exposure.  By  contrast  the  maximum 
pit  depth  after  366  days  of  exposure  at  the  surface  was  34  mils.  Thus 
2024-0  pitted  twice  as  rapidly  at  depth  as  at  the  surface. 

The  corrosion  rates,  maximum  and  average  pit  depths  for  alloy  2219- 
T81  are  given  in  Table  4  and  shown  graphically  in  Figure  6. 

The  corrosion  rates  at  the  surface  after  181  days  of  exposure  were 
higher  than  at  the  2,500  and  6,000  foot  depths  for  comparable  periods 
of  exposure.  The  corrosion  rates  in  water  increased  with  duration  of 
exposure  at  the  2,500  foot  depth  while  these  in  the  sediment  were  con¬ 
stant.  At  the  6,000  foot  depth  the  corrosion  rates  in  water  increased 
during  the  first  400  days  of  exposure  and  decreased  thereafter  with 
increasing  time  of  exposure.  The  corrosion  rates  in  the  sediments 
followed  the  same  trend  but  were  lower  than  those  in  the  water  except 
after  1064  days  of  exposure. 

The  maximum  and  average „pit  depths  at  the  surface  after  181  days 
of  exposure  were  the  same  as  those  at  the  2,500  foot  depth  but  were 
deeper  than  those  at  the  6,000  foot  depth  for  comparable  periods  of 
exposure. 

At  the  2,500  foot  depth  the  maximum  and  average  pit  depths  in 
water  and  in  the  sediments  increased  with  duration  of  exposure.  However, 
the  average  pit  depths  were  deeper  in  the  water  than  in  the  sediments. 

The  characteristics  of  the  pits  on  the  6"  x  12"  specimens  were  quite 
different  for  the  two  exposure  periods.  There  were  numerous  small 
diameter  pits  after  197  days  of  exposure  but  after  402  days  of  exposure 
there  were  large  deep  crater- like  pits,  some  as  large  as  1.5  inches  in 
diameter.  The  specimens  were  also  attacked  by  crevice  and  edge  corrosion. 


At  the  6,000  foot  depth  the  maximum  pit  depths  tended,  in  general, 
to  increase  with  time  whereas  the  average  pit  depths  increased  during 
the  first  400  days  of  exposure  and  thereafter  became  constant  with  time. 
The  specimens  partially  embedded  in  the  sediments  were  perforated  by 
pitting  after  400  days  of  exposure  and  the  average  pit  depths  increased 
with  duration  of  exposure.  All  the  sp  .inens  were  also  attacked  by 
crevice  and  edge  corrosion. 

The  2219-T81  specimens  at  the  surface  and  at  both  depths,  in 
addition  to  pitting,  crevice  and  edge  corrosion,  were  attacked  by  inter¬ 
granular  corrosion  along  the  grain  boundaries. 

Aluminum  alloy  2219  in  the  T87  heat  treated  condition  was  less 
susceptible  to  corrosion  than  when  in  the  T81  condition  after  400  days 
of  exposure  at  the  2,500  foot  depth  except  for  crevice  corrosion  attack 
which  was  more  severe. 

De  Luccia,  Reference  18,  reported  extensive  intergranular  corrosion 
and  maximum  pit  depths  of  40  mils  outside  the  weld  and  heat  affected 
zone  of  welded  2219-T81  aluminum  alloy  after  123  days  of  exposure  at  a 
depth  of  5,640  feet  in  the  Pacific  Ocean. 

3000  Series  Alloys  (Aluminum  -  Magnesium) 

The  corrosion  rates  and  pit  depths  of  aluminum  alloy  3003  are 
given  in  Table  5  and  shown  graphically  in  Figures  7  and  8. 

The  corrosion  rates  of  3003  alloy  decreased  with  increasing  dura¬ 
tion  of  exposure  in  surface  waters  and  in  water  at  the  2,500  foot  depth 
but  they  were  lower  at  the  surface  than  at  the  2,500  foot  depth  for 
comparable  periods  of  exposure.  The  corrosion  rate  at  the  6,000  foot 
depth  after  123  days  of  exposure  was  lower  than  at  the  surface  and  at 
the  2,500  foot  depth  after  181  and  197  days  of  exposure  but  was  higher 
than  at  both  the  surface  and  at  the  2,500  foot  depth  after  400  days  of 
exposure.  At  the  6,000  foot  depth  the  corrosion  rate  of  3003  alloy  in 
water  increased  sharply  for  the  first  400  days  of  exposure  and  there¬ 
after  decreased  gradually. 

The  corrosion  rates  of  3003  alloy  partially  immersed  in  the  sedi¬ 
ments  at  the  2,500  foot  site  increased  slightly  with  time  and  were  lower 
than  those  in  the  water.  In  the  sediments  at  the  6,000  foot  depth  the 
corrosion  rates  decreased  gradually  with  increasing  duration  of  exposure 
and  were  lower  than  those  in  the  water  except  after  123  days  of  exposure. 
The  corrosion  rates  in  the  sediments  at  the  6,000  foot  depth  were  higher 
than  those  in  the  sediments  at  the  2,500  foot  depth. 

The  maximum  pit  depth  was  deeper  in  water  after  197  days  of  exposure 
at  the  2,500  foot  depth  than  either  at  the  surface  after  181  days  of 
exposure  or  at  the  6,000  foot  depth  after  123  days  of  exposure.  How¬ 
ever,  the  average  pit  depths  were  similar,  varying  from  16  to  19.5  mils. 
At  the  2,500  foot  depth  the  maximum  and  average  pit  depths,  both  in  the 
water  and  in  the  sediments  increased  with  duration  of  exposure  but  the 
pits  were  deeper  in  the  sediments  than  in  the  water.  After  400  days  of 
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exposure  at  the  6,000  foot  depth  specimens  of  3003  alloy  both  in  the 
water  and  in  the  sediments  were  perforated  by  pitting  corrosion.  The 
average  pit  depths  at  the  6,000  foot  depth,  in  both  the  water  and  the 
sediments  reached  a  plateau  after  400  days  of  exposure.  The  alloy  was 
also  attacked  severely  by  crevice  corrosion  at  both  depths. 

A  comparison  of  the  corrosion  rates  of  3003  alloy  at  both  depths 
with  the  corrosion  rates  at  the  surface  at  various  locations  is  shown 
in  Figure  8.  After  exposure  for  400  days  at  the  6,000  foot  depth  the 
corrosion  rates  in  water  and  in  sediments  were  higher  than  those  at  any 
of  the  surface  locations;  Port  Hueneme  Harbor,  Point  Mugu,  and  Harbor 
Island.  After  the  same  period  of  exposure  at  the  2,500  foot  depth  the 
corrosion  rates  in  both  the  water  and  the  sediments  were  the  same  as 
the  corrosion  rate  in  Port  Hueneme  Harbor.  One  noteworthy  comparison 
is  the  difference  between  the  corrosion  rates  in  Port  Hueneme  Harbor 
versus  those  at  Point  Mugu.  The  two  sites  are  about  five  miles  apart 
yet  the  corrosion  rates  in  Port  Hueneme  Harbor  were  approximately  twice 
those  at  Point  Mugu  for  3003. 

The  corrosion  rates  and  the  maximum  and  average  pit  depths  for 
Alclad  3003  are  given  in  Table  5  and  shown  graphically  in  Figure  9. 

The  corrosion  rates  in  surface  water  decreased  with  increasing 
duration  of  exposure  and  were  less  than  those  at  depths  of  2,500  and 
6,000  feet  for  equivalent  periods  of  exposure.  The  corrosion  rates 
in  water  at  both  depths  also  decreased  with  increasing  duration  of 
exposure  as  did  the  corrosion  rates  in  the  sediment  at  the  6,000  foot 
depth.  However,  the  corrosion  rates  in  the  sediments  at  the  2,500 
foot  depth  increased  with  duration  of  exposure. 

The  maximum  depth  of  pitting  in  the  surface  water  exposure  was 
constant  with  duration  of  exposure  and  was  much  less  than  those  at  both 
depths.  At  both  depths  also,  the  maximum  and  average  pit  depths  were 
comparable.  They  were  comparable  because,  in  most  cases,  the  corrosion 
did  not  attack  the  core  material.  The  cladding  material  was  sacrificed 
in  favor  of  the  core  material.  However,  the  cladding  material  was 
sacrificed  at  a  much  faster  rate  at  both  depths  than  at  the  surface  as 
well  as  at  faster  rates  on  the  portions  of  the  specimens  embedded  in 
the  sediments  than  on  the  specimens  exposed  in  the  water.  In  some 
cases  as  much  as  20  to  60  percent  of  the  cladding  had  been  sacrificed 
within  400  days.  Usually  the  portions  of  the  specimens  embedded  in  the 
sediments  were  almost  completely  denuded  of  their  Alclad  layers. 

5000  Series  Alloys  (Aluminum  -  Magnesium) 

The  corrosion  rates  and  maximum  and  average  pit  depths  are  given 
in  Table  6  and  shown  graphically  in  Figures  10  through  20. 

The  corrosion  rates  for  5052  alloy  are  shown  graphically  in 
Figure  10.  Also  shown  in  this  figure  are  data  from  other  deep  ocean 
exposures  and  surface  exposures  at  other  locations.  The  corrosion 
rates  at  the  6,000  foot  depth,  both  in  water  and  the  sediments,  were 
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greater  than  those  at  the  2,500  foot  depth,  4,500  foot  depth  in  Che 
Atlantic  Ocean  and  all  surface  exposures.  After  400  days  of  exposure 
the  corrosion  rates  were  similar  at  the  2,500  foot  depth,  both  in  water 
and  in  sediments,  and  the  surface  exposures  at  Port  Hueneme  Harbor,  at 
Point  Mugu,  and  at  Harbor  Island.  The  corrosion  rates  at  a  depth  of 
4,500  feet  in  the  Atlantic  Ocean,  Tongue-of-the-Ocean  after  200  days  of 
exposure  were  about  the  same  as  those  at  the  surtace  locations  after 
400  days  of  exposure.  The  corrosion  rates  at  the  6,000  foot  depth  de¬ 
creased  with  increasing  duration  of  exposure  but  after  1050  days  of 
exposure  they  were  still  from  5  to  11  times  greater  than  those  at  the 
surface  at  Harbor  Island, 

The  corrosion  rates  of  the  5454  alloy  ar  shown  graphically  in 
Figure  11,  The  corrosion  rates  for  the  unwelded  alloy  at  the  surface 
decreased  with  increasing  duration  of  exposure,  were  higher  than  those 
at  the  2,500  foot  depth  for  equivalent  periods  of  exposure,  and  were 
lower  than  those  at  the  6,000  foot  depth.  At  the  2,500  foot  depth  the 
corrosion  rates  of  the  unwelded  alloy,  both  in  the  water  and  in  the 
sediments,  decreased  with  increasing  duration  of  exposure.  At  the  6,000 
foot  depth  the  corrosion  rate  of  the  unwelded  alloy  was  lower  in  the 
sediment  than  in  the  water.  The  corrosion  rates  of  the  welded  alloy  at 
the  2,500  foot  depth  increased  with  duration  of  exposure  in  both  the 
water  and  the  sediments  and  those  in  the  sediments  were  slightly  higher 
than  those  in  the  water.  In  the  water  at  the  6.000  foot  depth  the  cor¬ 
rosion  rates  of  the  welded  alloy  increased  with  duration  of  exposure 
through  400  days  and  decreased  thereafter  through  750  days  of  exposure. 
In  the  sediment  the  corrosion  rates  decreased  with  increasing  duration 
of  exposure. 

The  average  pit  depths  of  the  unwelded  5454  alloy  were  about  the 
same  in  the  water  as  in  the  sediments  at  both  depths  although  Chose  at 
the  6,000  foot  depth  were  deeper  after  403  days  of  exposure  than  those 
after  197  days  of  exposure  at  the  2,500  foot  depth.  The  average  pit 
depths  of  the  welded  alloy  increased  with  time  of  exposure  in  Che  water 
at  both  depths.  However,  the  reverse  was  true  in  the  sediments  at  both 
depths,  the  average  pit  depths  decreased  with  increasing  duration  of 
exposure. 

The  corrosion  rates  and  maximum  and  average  pit  depths  of  the  5456 
alloy  are  shown  graphically  in  Figure  12.  For  equivalent  periods  of 
exposure  the  corrosion  rate  of  the  5456-H321  alloy  at  the  surface  was 
lower  than  that  at  the  2,500  foot  depth  but  higher  than  that  at  the 
6,000  foot  depth;  also  the  maximum  and  average  pit  depths  at  the  surface 
were  less  than  those  at  the  2,500  foot  depth.  At  the  2,500  foot  depth 
the  corrosion  races  were  about  the  same  in  water  as  in  the  sediments 
and  decreased  with  increasing  time  of  exposure.  The  corrostor.  rates  in 
water  at  the  6,000  foot  depth  increased  with  duration  of  exposure 
through  751  days  of  exposure  and  thereafter  decreased  through  1  '>64  days 
of  exposure.  After  1064  days  of  exposure  at  a  deptu  of  6,000  feet  and 
400  days  at  both  depths  the  corrosion  rates  were  equivalent  to  the  cor¬ 
rosion  rate  at  the  surface  after  181  days  of  exposu-e  (1.0  to  1.3  MPY). 
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The  corrosion  rates  in  the  sediments  at  the  6,000  foot  depth  varied  with 
no  general  trend  to  either  decrease  or  increase  with  increasing  time  of 
exposure. 

The  average  pit  depths  in  water  increased  with  time  of  exposure  at 
both  depths  while  the  maximum  pit  depths  increased  at  the  2,500  foot 
depth  and  ^decreased  at  the  6,000  foot  depth.  In  the  sediments,  both 
the  maximum  and  average  pit  depths  decreased  with  increasing  duration 
of  exposure  at  the  2,500  foot  depth  while,  at  the  6,000  foot  depth,  the 
maximum  pit  depths  varied  with  increasing  duration  of  exposure  and  the 
average  pit  depths  decreased  during  the  first  400  days  of  exposure  and 
thereafter  increased  as  the  time  of  exposure  increased .  There  was  no 
correlation  between  corrosion  rates  and  maximum  or  average  pit  depths 
partially  because  of  the  crevice  and  edge  corrosion  and  in  some  cases 
the  absence  of  measurable  pits  on  the  surfaces  of  the  specimens. 

The  corrosion  rates  of  the  5456  in  the  H343  condition  were,  in 
most  cases,  less  than  those  of  the  alloy  in  the  H321  condition  as  shown 
in  Figure  12.  These  differences  can  be  attributed  not  only  to  the 
difference  in  the  strain  hardening  of  the  alley  (H321  and  H343)  but  also 
to  the  difference  in  specimen  size.  The  specimens  of  the  alloy  in  the 
H321  condition  were  6"  x  12"  while  those  in  the  H343  condition  were  1" 
x  6".  There  were  a  few  specimens  in  the  H32  and  H321  condition  which 
were  1"  x  6"  and  in  all  cases  their  corrosion  rates  were  considerably 
less  than  their  companion  6"  x  12"  specimens  (they  were  not  pitted)  as 
shown  in  Table  6. 

The  corrosion  rates  and  maximum  and  average  pit  depths  of  aluminum 
alloy  5083  are  shown  graphically  in  Figure  13.  The  corrosion  rates  at 
the  surface  decreased  with  increasing  duration  of  exposure  and  the  rate 
after  181  days  of  exposure  was  higher  than  that  after  197  days  of  ex¬ 
posure  in  the  water  for  the  unwelded  alloy  at  a  depth  of  2,500  feet. 
However,  the  corrosion  rate  after  366  days  of  exposure  at  the  surface 
was  lc”°r  than  those  at  both  depths  after  400  days  of  exposure.  At  the 
2,500  foot  depth  the  corrosion  rates  of  the  unwelded  alloy  in  water  in¬ 
creased  with  duration  of  exposure  while  those  in  the  sediments  were 
practically  constant.  For  the  same  period  of  exposure  the  corrosion 
rate  in  water  at  the  6,000  foot  depth  was  considerably  higher  than  that 
at  the  2,500  foot  depth  but  was  only  slightly  higher  in  the  sediments. 
The  corrosion  rate  of  the  welded  alloy  in  surface  wafer  was  considerabl 
higher  than  those  in  water  at  both  depths  for  equivalent  periods  of  ex¬ 
posure.  The  corrosion  rates  of  the  welded  alloy  increased  with  time  of 
exposure  in  water  but  were  practically  constant  in  the  sediment  at  the 
2,500  foot  depth.  At  the  6,000  foot  depth  the  corrosion  rates  in  water 
increased  through  ..he  first  400  days  of  exposure  and  thereafter  de¬ 
creased;  in  the  sediment  they  increased  with  time. 

The  maximum  and  average  pit  depths  of  the  unwelded  5083  alloy  were 
deeper  in  the  water  than  in  the  sediment  after  200  days  of  exposure  at 
the  2,500  foot  depth  and  the  maximum  pit  depths  decreased  with  increas¬ 
ing  time  of  exposure.  At  the  6,000  foot,  depth  the  pit  depths  of  the 
unwelde  alloy  were  considerably  deeper  than  those  at  the  2,500  foot 
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depth.  The  maximum  and  average  pit  depths  of  the  welded  alloy  were,  in 
most  cases ,  deeper  than  those  of  the  unwelded  alloy  for  corresponding 
periods  of  exposure.  The  maximum  and  average  pit  depths  of  the  welded 
alloy  in  water  at  the  2,500  foot  depth  increased  with  time  while  those 
in  the  sediments  decreased  with  increasing  time  of  exposure  and  they 
were  lower  than  those  in  the  water.  At  the  6,000  foot  depth  the  maximum 
and  average  pit  depths  increased  through  the  first  400  days  of  exposure 
and  thereafter  decreased  while  those  in  the  sediments  decreased  with 
increasing  time  of  exposure.  In  most  cases,  the  maximum  and  average 
pit  depths  were  deeper  at  the  6,000  foot  depth  than  at  the  2,500  toot 
depth  for  equivalent  periods  of  exposure. 

A  comparison  of  the  corrosion  rates  of  aluminum  alloy  5083  at  the 
surface  at  Harbor  Island,15  and  those  at  depth  in  the  Pacific  Ocean,  is 
shown  in  Figure  14.  The  5083  alloy  corroded  at  higher  rates  both  in 
the  water  and  sediments  at  both  depths  than  at  the  surface  at  Harbor 
Is  land . 

The  corrosion  rates  of  aluminum  alloy  5086  in  the  H34,  H112  and  H32 
tempers  are  shown  graphically  in  Figure  15.  For  equivalent  periods  of 
exposure  the  corrosion  rate  of  5086-H34  at  the  surface  was  greater  than 
in  the  water  at  both  depths.  At  the  2,500  foot  depth  the  corrosion 
rates  in  water  decreased  with  increasing  time  of  exposure  while  those 
in  the  sediments  increased  with  time.  At  the  6,000  foot  depth  the  corro¬ 
sion  rates  of  the  5086-H34  alloy  in  the  water  increased  through  751 
days  of  exposure  and  thereafter  decreased  through  1064  days  of  exposure. 
In  the  sediments  at  6,000  feet  the  corrosion  rates  decreased  during  the 
first  403  days  of  exposure  and  then  increased  after  1064  days  of  expos¬ 
ure. 

At  the  surface  the  average  pit  depths  of  5086-H34  alloy  were  slight¬ 
ly  deeper  than  those  at  the  2, .,00  foot  depth  for  equivalent  periods  of 
exposure.  In  the  sediments  at  L..e  2,500  foot  depth,  the  maximum  and 
average  pit  depths  of  5086-H34  were  shallower  after  the  longer  period 
of  exposure.  In  the  water  at  the  6,000  foot  depth  the  average  pit 
depths  of  5086-H34  increased  with  time  while  the  depths  of  the  average 
pits  in  the  sediments  decreased  during  the  first  400  days  of  exposure  and 
thereafter  increased  rapidly  through  1064  days  of  exposure. 

At  the  surface  the  corrosion  rates  of  5086  alloy  in  the  H34,  H112 
and  H32  tempers  were  comparable  after  181  days  of  exposure.  The  corro¬ 
sion  rate  of  the  o086-H32  alloy  decreased  with  increasing  time  of  ex¬ 
posure  at  the  surface.  The  corrosion  rates  of  5086-H32  at  the  surface 
and  at  the  2,500  foot  depth  were  comparable  after  about  one  year  of 
exposure. 

Comparison  of  the  corrosion  rates  of  5086-H34  alloy  at  both  depths, 
2,500  and  6,000  feet,  with  those  at  a  depth  of  5,600  feet  in  the 
Atlantic  Ocean  is  shown  in  Figure  16.  The  corrosion  rates  in  the 
Atlantic  Ocean  were  considerably  lower  than  those  at  either  depth  and 
at  the  surface  in  the  Pacific  Ocean. 

The  average  corrosion  rates  and  average  pit  depths  for  all  the 
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aluminum-magnesium  alloys  (5000  series)  are  given  in  Table  7  and  the 
corrosion  rates  are  shown  graphically  in  Figure  17.  As  shown  in 
Figure  17  the  corrosion  rates  of  the  aluminum-magnesium  alloys  at  the 
surface  and  at  the  2,500  foot  depth  decrease  with  increasing  duration 
of  exposure  for  periods  of  time  as  long  as  400  days  and  they  are  com¬ 
parable.  In  general,  the  corrosion  rates  both  in  water  and  in  the 
sediments  at  the  6,000  foot  depth  are  greater  than  those  at  the  surface 
as  well  as  for  those  at  the  2,500  foot  depth;  they  tend  to  decrease 
with  increase  in  duration  of  exposure;  and  after  35  months  of  exposure, 
are  comparable. 

The  average  pit  depth  values  in  Table  7  show  that  there  is  no 
definite  or  consistent  behavior  with  regard  to  pitting  corrosion.  The 
average  depths  of  the  pits  neither  increase  nor  decrease  consistently 
with  increasing  time  of  exposure.  There  is,  however,  one  definite 
relationship  which  is  clearly  evident;  for  equivalent  periods  of  expos¬ 
ure  the  average  pit  depth  in  water  at  the  6,000  foot  depth  was  twice  as 
deep  as  that  at  the  surface  and  the  average  pit  depth  at  the  2,500  foot 
depth  was  three  times  as  deep  as  that  at  the  surface.  It  is  also 
possible  to  make  another  correlation;  it  can  be  stated  that  for  equiv¬ 
alent  periods  of  exposure  the  average  pit  depths  of  the  aluminum- 
magnesium  alloys  increase  as  the  oxygen  concentration  of  the  water  de¬ 
creases.  This  is  shown  in  Figure  18. 

To  determine  whether  or  not  the  magnesium  content  of  the  aluminum- 
magnesium  alloys  (5000  Series)  affected  the  corrosion  of  aluminum,  the 
corrosion  rates  were  plotted  against  the  magnesium  contents  of  the 
alloys.  These  graphs  are  shown  in  Figures  19  and  20  for  the  corrosion 
rates  after  400  days  of  exposure  at  the  2,500  and  6,000  foot  depths 
respectively.  The  curve  in  Figure  19  shows  very  good  correlation 
between  the  magnesium  contents  of  the  alloys  and  their  corrosion  rates 
after  400  days  of  exposure  at  the  2,500  foot  depth;  the  corrosion  rates 
increased  with  the  magnesium  content  of  the  alloy.  However,  no  such 
relationship  was  obtained  between  the  magnesium  contents  of  the  alloys 
and  their  corrosion  rates  after  400  days  of  exposure  at  the  6,000  foot 
depth  as  shown  in  Figure  20. 

6000  Series  Alloys  (Aluminum-Magnesium-Silicon) 

The  corrosion  rates  and  pit  depths  of  aluminum-magnesium-silicon 
alloy  6061  are  given  in  Table  8  and  shown  graphically  in  Figures  21  to 
23. 

For  equivalent  periods  of  exposure  the  corrosion  rates  at  the  sur¬ 
face  were  lower  than  those  in  the  sea  water  at  the  2,500  foot  depth 
and  after  403  days  of  exposure  at  the  6,000  foot  depth  but  were  higher 
than  those  after  123  days  of  exposure  at  the  6,000  foot  depth  as  shown 
in  Figure  21,  The  corrosion  rates  at  the  surface  decreased  with  increas¬ 
ing  duration  of  exposure.  At  the  2,500  foot  depth  the  corrosion  rates 
in  both  the  water  and  the  sediments  increased  with  time  of  exposure. 
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At  the  6,000  foot  depth  the  corrosion  rates  in  the  water  increased 
through  750  days  of  exposure  and  thereafter  decreased  through  1064  days 
of  exposure.  In  the  sediments  at  the  6,000  foot  depth  the  corrosion 
rates  varied  erratically  for  various  times  of  exposure. 

The  maximum  pit  depths  increased  with  time  of  exposure  at  the  sur¬ 
face  and  were  either  the  same  depth  or  less  than  those  in  water  at  both 
depths  for  equivalent  periods  of  exposure.  At  the  2,500  foot  depth, 
the  maximum  and  average  pit  depths  in  water  and  in  the  sediments  in¬ 
creased  with  time  of  exposure  with  those  in  the  water  being  either 
deeper  than,  or  the  sane  as  those  in  the  sediments.  The  maximum  and 
average  pit  depths  both  in  the  water  and  in  the  sediments  at  the  6,000 
foot  depth  increased  with  duration  of  exposure  with  those  in  the  sedi¬ 
ment  generally  being  deeper  than  those  in  the  water.  For  equivalent 
periods  of  exposure  the  pits  were  deeper  at  the  2,500  foot  depth  than 
at  the  6,000  foot  depth. 

The  corrosion  rates  and  the  maximum  pit  depths  appear  to  increase 
as  the  concentration  of  oxygen  in  the  waters  decreases.  This  influence 
of  oxygen  on  6061-T6  after  12  to  13  months  of  exposure  is  shown  in 
Figure  22. 

Comparisons  of  the  corrosion  rates  of  aluminum  alloy  6061-T6  at 
depth  and  at  the  surface  in  both  the  Atlantic  and  Pacific  Oceans  are 
shown  in  Figure  23.  The  corrosion  rates  at  the  surface  at  Harbor 
Island, and  at  the  Panama  Canal-*-?  were  lower  than  at  depth  in  both 
oceans  and  are  comparable.  The  corrosion  rates  at  the  surface  at 
Point  Mugu  were  higher  than  the  other  surface  corrosion  rates.  The 
corrosion  rates  at  5,600  feet  in  the  Atlantic  Ocean1^  were  lower  than 
those  at  depths  of  either  2,500  feet  or  6,000  feet  in  the  Pacific  Ocean. 
Specimens  of  6061-T6  were  exposed  on  the  STU  structures  for  the  Naval 
Ship  Research  and  Development  Center,  Annapolis  Division  and  their  cor¬ 
rosion  rates  were  much  higher  than  the  NCEL  results.  No  explanation  is 
offered  to  resolve  this  difference  in  corrosion  behavior  at  this  time. 

In  addition  to  pitting  the  6061-T6  alloy  was  also  attacked  by  the 
edge  and  the  crevice  types  of  corrosion. 

7000  Series  Alloys  (Aluminum  -  Zinc) 

The  corrosion  rates  and  pit  depths  of  the  aluminum-zinc  (7000 
Series)  alloys  are  given  in  Table  9  and  are  shown  graphically  in  Figures 
24  to  27. 

Alloys  7002-T6  and  Alclad  7002-T6 

The  corrosion  rates  and  pit  depths  for  these  alloys  are  shown  in 
Figure  24.  The  corrosion  rates  for  7002-T6  alloy  in  water  decreased 
from  the  2,500  to  the  6,000  foot  depth  and  in  the  sediments  they  in¬ 
creased.  At  the  2,500  foot  depth  the  corrosion  rates  of  the  Alclad 
7002-T6  were  lower  than  those  of  the  bare  alloy  both  in  water  and  in  the 
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sediments.  At  the  6,000  foot  depth  the  corrosion  rate  of  the  Alciad 
alloy  in  water  was  slightly  higher  than  that  of  the  bare  alloy  uhile 
the  corrosion  rate  of  the  Alciad  alloy  in  the  sediment  was  considerably 
less  than  that  of  the  bare  alloy. 

The  average  and  maximum  pit  depths  of  the  A.lclad  alloy  at  both 
depths  were  much  shallower  than  those  in  the  bare  alloy.  Even  though 
considerable  areas  of  the  cladding  alloy  had  been  sacrificed  by  cor¬ 
rosion  (807.  had  been  sacrificed  after  403  days  of  exposure  in  the  sea 
water  at  a  depth  of  6.000  feet)  in  some  cases,  the  protective  action 
is  reflected  by  the  decrease  in  the  pit  depths. 

Alloy  7039-T6 

Because  of  the  extensive  exfoliation  corrosion  (Table  9)  of  this 
alloy  after  the  initial  periods  of  exposures  (123  days  at  6,000  feet 
and  197  days  at  2,500  feet),  it  was  not  possible  to  obtain  weight  losses, 
measure  pit  depths  or  determine  changes  in  mechanical  properties.  The 
extent  of  exfoliation  of  7039-T6  in  water  after  403  days  of  exposure  at 
a  depth  of  6,000  feet  is  shown  in  Figure  25.  The  exfoliated  specimens 
were  nearly  four  times  thicker  than  the  original  0.25  inch  thickness. 

Alloy  7079-T6 

The  corrosion  rates  and  pit  depths  of  aluminum  alloy  7079-T6  are 
shown  graphically  in  Figure  24. 

The  corrosion  rates  in  water  and  in  the  sediments  at  the  2,500  foot 
depth  decreased  with  an  increase  in  the  duration  of  exposure  and  those 
in  the  water  were  greater  than  those  in  the  sediments.  For  equivalent 
periods  of  exposure  the  corrosion  rates  in  water  and  in  the  sediments 
at  the  6,000  foot  depth  were  higher  than  those  at  the  2,500  foot  depth 
except  that  they  were  the  same  in  the  sediment  after  the  initial  periods 
of  exposure  (197  and  123  days).  The  corrosion  rates  in  water  at  the 
6,000  foot  depth  decreased  with  an  increase  in  the  duration  of  exposure. 
Even  though  there  was  an  initial  increase  in  tne  corrosion  rates  in  the 
sediments  at  the  6.000  foot  depth  through  the  first  403  days  of  expos¬ 
ure  the  overall  trend  was  to  decrease. 

In  general,  the  maximum  and  average  pit  depths  at  the  2,500  foot 
depth  decreased  with  an  increase  in  the  duration  of  exposure  and  those 
in  the  water  were  deeper  than  those  in  the  sediments.  The  specimens  in 
the  water  were  completely  penetrated  (77  mils)  by  pitting  corrosion 
within  197  days  of  exposure. 

At  the  6,000  foot  depth,  the  specimens  both  in  the  water  and  in  the 
sediments  were  completely  penetrated  by  pitting  corrosion  within  123 
days  of  exposure.  After  751  days  of  exposure  there  were  as  many  as  35 
perforations  in  one  6"  x  12"  specimen.  For  the  shorter  periods  of 
exposure  (123  and  403  days)  the  average  pit  depths  decreased  with  an  in¬ 
crease  in  duration  and  they  were  deeper  in  the  water  than  in  the  sediment. 


As  shown  in  Table  9,  other  types  of  corrosion  manifested  on  this 
alloy  were,  crevice,  edge  and  exfoliation.  The  crevice  corrosion  varied 
from  32  mils  after  123  days  of  exposure  to  complete  penetration  (79  mils) 
during  751  days  of  exposure.  The  exfoliation  type  of  corrosion  was  not 
severe  enough  to  cause  serious  delamination  as  found  on  the  7039-T6 
alloy. 

A  comparison  of  the  corrosion  rates  of  7079-T6  at  depth  in  the 
Pacific  Ocean  with  those  in  the  Atlantic  Ocean  is  shown  in  Figure  26. 

This  alloy  corroded  at  considerably  lower  rates  at  a  depth  of  5,600  feet 
in  the  Atlantic  Ocean  than  at  depths  of  either  2,500  feet  or  6,000  feet 
in  the  Pacific  Ocean.  The  average  and  maximum  pit  depths  reported  after 
111  days  of  exposure  in  the  Atlantic  Ocean^  were  16  mils  and  11  mils 
respectively  while  those  found  after  123  days  in  the  Pacific  Ocean  were 
77  mils  (penetration)  and  62  mils  respectively. 

A  comparison  of  the  corrosion  rates  and  pit  depths  of  Alclad  7079- 
T6  with  those  of  the  bare  7079-T6  after  equivalent  periods  of  exposure 
(Table  9)  shows  the  beneficial  protection  of  the  cladding  alloy  in  de¬ 
creasing  the  depth  of  pitting. 

Alloy  7178-T6 

The  corrosion  rates  and  pit  depths  for  the  7178-T6  alloy  are  given 
in  Figure  27. 

At  the  2,500  foot  depth  the  corrosion  rates  in  water  were  essent¬ 
ially  constant  with  time  but  they  decreased  with  an  increase  in  duration 
of  exposure  in  the  sediments.  The  corrosion  rates  in  the  water  and  in 
the  sediments  at  the  2,500  foot  depth  were  lower  than  those  at  the 
6,000  foot  depth  for  equivalent  periods  of  exposure.  After  an  increase 
in  the  corrosion  rate  in  water  at  the  6,000  foot  depth  during  the  first 
403  days  of  exposure,  the  corrosion  rate  of  the  7178-T6  alloy  decreased 
thereafter. 

The  depth  of  the  pits,  maximum  and  average,  at  the  2,500  foot 
depth  increased  with  duration  of  exposure;  there  were  no  pits  1  mil 
deep  after  197  days  of  exposure.  After  123  days  of  exposure  at  the 
6,000  foot  depth,  pit  depths  were  deeper  than  after  197  days  at  the 
2,500  foot  depth;  however,  the  reverse  was  true  after  400  days  of  ex¬ 
posure  at  these  depths.  At  the  6,000  foot  depth  the  depths  of  the  pits 
decreased  during  the  first  403  days  of  exposure  and  thereafter  increased 
with  time  of  exposure. 

OTHER  MANIFESTATIONS  OF  CORROSION 

Crevice  Corrosion 

The  data  in  Tables  3,  4,  5,  6,  8  and  9  show  that  practically  all 
the  aluminum  alloys  were  susceptible  to  crevice  corrosion  at  dej th  in 
the  Pacific  Ocean.  In  most  cases  crevice  corrosion  was  more  severe  at 


13 


depth  than  at  the  surface,  there  being  more  alloys  susceptible  at  the 
2,500  foot  depth  than  at  the  6,000  foot  depth.  The  crevice  corrosion 
at  the  2,500  foot  depth  of  alloys  1100-H14,  2219-T81,  3003-H14,  Alclad 
3003-H12,  5052-0,  5454-H32,  5456-H321,  ‘083-H113,  5086  and  6061-T6  was 
deeper  than  at  the  surface  after  equivalent  periods  of  exposure.  At 
the  6,000  foot  depth  crevice  corrosion  of  aluminum  alloys  2219-T81, 
3003-H14,  Alclad  3003-H12,  5052-0  and  6G61-T6  was  more  severe  than  at 
the  surface  for  equivalent  periods  of  exposure.  At  the  2,500  foot 
depth  crevice  corrosion  was  more  severe  than  at  the  6,000  foot  depth 
after  equivalent  periods  of  exposure  of  alloys  1100-H14,  2024-0,  3003- 
P.14,  5456-H321,  5083-H113,  6061-T6.  7002-T6,  Alclad  7002-T6  and  7079- 
T6. 

These  data  show  that  in  general  the  severity  of  crevice  corrosion 
increased  as  the  concentration  of  oxygen  in  the  water  decreases. 

Intergranular  Corrosion 

Metallurgical  examinations  of  the  alloys  showed  the  presence  of 
intergranular  corrosion  and  intergranular  precipitation  as  given  in 
Table  10.  The  intergranular  type  of  corrosion  varied  in  depth  from  5 
to  6  grains  deep  in  the  2219-T81  alloy  to  extensive  areas  of  the  ex¬ 
foliation  type  in  the  7039-T6,  7079-T6  and  7178-T6  alloys.  Examples 
typical  of  the  intergranular  corrosion  encountered  are  shown  in  Figures 
28  to  31.  Intergranular  attack  was  found  only  in  the  heat-affected 
zones  adjacent  to  the  welds  in  5454-H32  and  5083-H113.  Although 
intergranular  corrosion,  or  what  appeared  to  be  intergranular  corrosion 
because  of  the  branching  nature  of  its  progress,  was  detected  in  2219- 
T81  and  3003-H14,  no  intergranular  precipitation  could  be  detected  at 
the  grain  boundaries  at  magnifications  of  1,000.  Examinations  with  an 
electron  microscope  would  be  required  to  determine  the  presence  or 
absence  of  intermetallic  compounds  at  the  grain  boundaries. 

An  illustration  of  the  effect  of  strain-hardening  and  a  low  temper¬ 
ature  stabilization  treatment  on  the  corrosion  behavior  of  5086  aluminum 
alloy  is  shown  in  Figure  32.  The  1/2-inch  thick  rolled  plate  in  the 
-H32  'condition  and  the  1/8-inch  thick  rolled  sheet  in  the  -H34  condition, 
both  of  which  had  been  strain-hardened  and  given  a  low- temperature 
stabilization  treatment,  were  corroded  by  a  combination  of  pi'. ting  and 
intergranular  corrosion  because  of  the  precipitation  of  the  beta 
Mg2Al3  constituent  along  the  grain  boundaries.  The  intergranular  pre¬ 
cipitation  and  intergranular  corrosion  of  the  5086-H34  alloy  is  shown 
in  Figure  28.  The  extruded  angle  which  was  in  the  -H112  condition  had 
not  been  subjected  to  either  a  strain-hardening  or  a  low- temperature 
stabilization  treatment  during  its  manufacturing  process  (that  is,  it 
was  "as  extruded")  and  was  relatively  free  from  corrosion  except  for 
some  incipient  pits.  The  beta  MgoAl^  constituent  was  uniformly  dis¬ 
persed  throughout  grains  of  trie  alloy  in  the  extruded  angle;  hence, 
there  were  no  anodic  paths  to  foster  intergranular  attack. 
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A  practical  case  of  unusual  corrosion  on  an  aluminum  alloy  was  en¬ 
countered  with  the  Alclad  7178-T6  aluminum  alloy  buoys  used  in  the 
installation  of  the  STU  structures.  During  the  retrieval  of  STU  1-3 
after  123  days  of  exposure,  the  buoy,  which  was  300  feet  below  the 
surface,  was  found  to  be  corroded  (Figure  33).  The  white  corrosion  pro¬ 
ducts  on  the  bottom  hemisphere  cover  areas  where  the  cladding  alloy  had 
corroded  through  to  the  core  material.  The  top  hemisphere  was 
blistered,  the  blisters  being  as  large  as  2  inches  in  diameter  and  0.'. 
inches  high.  One  of  these  blisters  is  shown  in  Figure  34.  The  hole  in 
the  top  of  the  blister  indicates  the  origin  of  the  failure:  originally 
a  pinhole  in  the  cladding  alloy  where  sea  water  gained  access  to  the 
interface  between  the  cladding  alloy  and  the  core  alloy.  When  this 
blister  was  sectioned  to  inspect  the  corrosion  underneath,  it  was  found 
to  be  filled  with  white  crystalline  aluminum  oxide  corrosion  products 
(Figure  35).  It  appeared  that  sea  water  penetrated  the  cladding  alloy 
at  a  defect  or  a  pit  was  initiated  at  a  particle  of  a  cathodic  metal 
(probably  iron),  and  the  corrosion  was  then  concentrated  at  the  inter¬ 
face  between  the  two  alloys  (cladding  alloy  and  core  alloy).  The  thick¬ 
ness  of  the  remaining  Alclad  layer  indicated  that  it  had  not  been  sacri¬ 
ficed  to  protect  the  core  alloy  as  was  its  intended  function.  On  the 
other  hand,  the  selective  corrosion  of  the  Alclad  layer  on  the  bottom 
hemisphere  and  the  uncorroded  core  material  showed  that,  in  this  case, 
the  cladding  alloy  was  being  sacrificed  to  protect  the  core  material  as 
intended . 

When  an  attempt  was  made  to  repair  these  buoys  for  reuse  by  grind¬ 
ing  off  all  traces  of  corrosion  prior  to  painting  it  was  found  that  the 
corrosion  had  penetrated  along  the  interface  between  the  cladding  alloy 
and  the  core  alloy  for  considerable  distances  from  the  edges  of  the 
blisters  and  the  edges  of  the  holes  where  the  cladding  alloy  layer  had 
been  sacrificed.  Polished  transverse  sections  taken  from  the  buoy 
through  these  corroded  areas  corroborated  the  indications  found  from 
grinding  operations.  An  illustration  of  this  interfacial  penetration 
is  shown  in  Figure  36.  Metallurgical  examinations  showed  that  the 
corroded  paths  were,  in  fact,  entirely  in  the  cladding  alloy,  with  a 
thin  diffusion  layer  of  material  between  the  corrosion  path  and  the 
core  material,  as  shown  in  Figure  37.  The  white  layer  of  material  above 
the  corroded  path  is  cladding  alloy  and  the  thin  gray  line  between  it 
and  the  core  alloy  (bottom)  is  the  zone  of  diffusion  alloy. 

Blistering  of  Alclad  aluminum  alloys  such  as  encountered  with  these 
Alclad  7178-T6  spheres  was  very  unusual.  Blistering  due  to  corrosion 
and  the  rapid  rate  of  sacrifice  of  Alclad  layers  had  not  been  encounter¬ 
ed  .previously  by  the  author  and  other  investigators  in  surface  water 
applications.  Because  of  this  unique  blistering  one  of  the  spheres 
was  sent  to  the  Research  Laboratories  of  the  Aluminum  Company  of  America 
where  an  investigation  was  made  to  determine  the  mechanism  of  this 
behavior . 

Wei^  showed  that  there  was  preferential  diffusion  of  zinc  over 
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copper  from  the  core  alloy  into  this  interfacial  zone.  The  high  zinc 
and  low  copper  contents  of  this  interfacial  zone  rendered  it  anodic  to 
both  the  cladding  and  core  alloys.  Selective  attack  was  inevitable 
once  corrosion  reached  this  anodic  diffusion  zone. 

That  this  type  of  blistering  has  been  encountered  on  buoys  at 
depths  from  300  to  6,800  feet  emphasizes  the  fact  that  there  is  some 
factor  present  which  either  is  more  influential  at  depth  or  is  not 
present  at  the  surface.  The  fact  that  this  thin  anodic  zone  is  probably 
present  in  all  Alclad  7178-T6  products  and,  as  such,  is  not  blistered 
during  surface  sea  water  exposures  indicates  that  the  sea  water  environ¬ 
ments  at  depths  of  300  feet  and  greater  differ  from  the  sea  water 
environments  at  the  surface,  at  least  with  respect  to  the  corrosion  be¬ 
havior  of  this  alloy. 

Stress  Corrosion 

Specimens  of  the  aluminum  alloys  given  in  Table  11  were  exposed  in 
the  stressed  condition  at  stresses  equivalent  to  50  or  75  percent  of 
their  respective  yield  strengths.  Alloys  2219-T87,  7079-T6,  Alclad 
7079-T6  and  7178-T6  failed  by  stress  corrosion  cracking  during  402  days 
of  exposure  at  the  2,500  foot  depth. 

These  same  four  alloys  were  also  attacked  by  intergranular  corrosion 
when  in  the  unstressed  condition  as  shown  in  Table  10. 

CORROSION  PRODUCTS 

The  corrosion  products  from  some  of  the  aluminum  alloys  were 
analyzed  by  X-ray  diffraction,  spectrcgraphic  analysis,  quantitative 
chemical  analysis,  and  infrared  spectrophotometry.  The  results  of 
these  analyses  of  corrosion  products  at  different  depths  and  for  dif¬ 
ferent  times  of  exposure  were  as  follows: 

Source  of  Products  F ind ings 

5086  Amorphous  A^O-j.XHjO.NaCl,  Si02, 

Al,  Na,  Mg,  Cu,  Fe;  Si,  Ti,  5.8% 
chloride  ion,  26.2%  sulfate  ion, 
considerable  phosphate  ion. 

3003-H14  Amorphous  AI2O3.XH2O,  NaCl,  Si02, 

Al,  Na,  Si,  Mg,  Fe,  Cu,  Ca,  Mn, 

3.58%  chloride  ion,  18.77%  sulfate 
ion,  considerable  phosphate  ion. 

7079-T6  Amorphous  A^C^.X^O,  NaCl,  Al  metal, 

Al,  Cu,  Mg,  Mn,  Zn,  Na,  Ca,  traces 
of  Ti  and  Ni,  2.82%  chloride  ion, 
16.74%  sulfate  ion,  considerable 
phosphate  ion. 
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MECHANICAL  PROPERTIES 


The  original  mechanical  properties  of  the  aluminum  alloys  are  given 
in  Table  12  and  the  percentage  change  in  these  mechanical  properties  due 
to  exposure  at  depths  in  the  water  are  shown  graphically  in  Figures  38 
to  41. 

A  decrease  in  all  three  mechanical  properties  (tensile  strength, 
yield  strength  and  elongation)  signifies  an  adverse  effect  caused  by 
corrosion.  Usually,  the  effect  of  corrosion  is  first  manifested  by  a 
decrease  in  the  elongation  because  of  the  susceptibility  of  aluminum 
alloys  to  pitting  in  sea  water.  This  is  illustrated  by  the  ’arge  de¬ 
creases  in  the  percent  elongation  of  the  Alclad  3003-H12  alloy  after 
123,  402  751  and  1064  days  of  exposure. 

The  mechanical  properties  of  1100-H14,  1180,  all  the  5000  series 
alloys  except  5456-H321  after  751  days  of  exposure,  Alclad  X7002-T6 
and  Alclad  7079-T6  were  not  affected  by  exposure  in  water  at  depths  of 
2,500  and  6,000  feet. 

The  alloys  whose  mechanical  properties  were  adversely  affected 
were  2014-T6,  2219-T81,  2219-T87,  3003-H14,  Alclad  3003-H12,  5456-H321 
after  751  days  of  exposure,  6061-T6,  X7002-T6,  7039-T6,  7079-T6  and 
7178-T6.  In  some  cases  the  pitting  corrosion  (7079-T6)  and  exfoliation 
(7039-T6)  were  so  severe  that  it  was  not  possible  to  conduct  tensile 
tests . 

The  tensile  strength  of  6061-T6  aluminum  alloy  continuously  immers¬ 
ed  in  flowing  sea  water  (1.25  ft. /sec.)  at  Kure  Beach,  N.C.,  increased 
by  1  percent  after  3  years  of  exposure^®  as  contrasted  to  a  decrease  of 
11  percent  after  35  months  of  exposure  at  a  depth  of  6,000  feet  in  the 
Pacific  Ocean.  Also,  there  was  no  loss  in  the  tensile  strength  of  a 
British  alloy  (H10)  whose  chemical  composition  is  similar  to  6061,  after 
two  years  of  continuous  immersion  in  sea  water  at  Hay ling  Island  off 
the  coast  of  England. ^  This  indicates  that  sea  water  at  a  depth  of 
6,000  feet  in  the  Pacific  Ocean  is  more  corrosive  than  at  the  surface 
in  the  Atlantic  Ocean  at  Kure  Beach,  N.C. ,  and  at  Hayling  Island, 

England . 

The  protective  value  of  Alclad  coatings  in  preventing  adverse 
effects  on  the  mechanical  properties  of  the  alloys  is  illustrated  in 
Figure  41.  Comparing  the  changes  in  the  mechanical  properties  of  X7002- 
T6  with  those  of  Alclad  X7002-T6  and  those  of  7079-T6  with  those  of 
Alclad  7079-T6  after  equivalent  periods  of  exposure  shows  that  those  of 
the  bare  alloys  were  adversely  affected  while  those  of  the  Alclad  alloys 
were  unaffected. 

SUMMARY 

The  purpose  of  this  investigation  was  to  determine  the  :fects  of 
deep  ocean  environments  on  the  corrosion  of  aluminum  alloys.  o  accom¬ 
plish  this  a  total  of  900  specimens  of  40  different  alloys  were  exposed 
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at  nominal  depths  of  2,500  and  6,000  feet  in  the  Pacific  Ocean  for  six 
time  periods  varying  from  123  to  1064  days. 

All  the  aluminum  alloys  exposed  at  depth  in  the  Pacific  Ocean  were 
attacked  by  pitting,  edge  or  crevice  corrosion.  The  depths  of  the  pits 
of  the  bare  alloys  varied  from  incipient  pitting  (less  than  1  mil)  to 
complete  penetration  (125  mils).  The  pittings  of  the  Alclad  alloys  was 
to  complete  penetration  of  the  cladding  alloys  with  r  pitting  of  the 
core  alloys.  Most  of  the  alloys  were  susceptible  to  crevice  corrosion 
and  many  of  them  were  completely  penetrated. 

There  were  no  definite  correlations  or  trends  exhibited  by  the 
aluminum  alloys  with  regard  to  the  depths  of  pits  between  exposures  at 
the  surface  and  at  depths  in  the  Pacific  Ocean.  For  example,  the  maxi¬ 
mum  pit  depths  were  deeper  at  depths  than  at  the  surface  for  equivalent 
periods  of  exposure  for  the  following  alloys:  2024-0  after  400  days  of 
exposure;  3003-H14  at  the  2,500  foot  depth;  Alclad  3003-H12;  5454-H32; 
5456-H321  at  the  2,500  foot  depth;  5083-H113;  5083-H113  welded;  5086-H34 
at  the  2,500  foot  depth;  and  6061-T6.  The  maximum  depths  of  the  pits 
of  the  following  alloys  were  deeper  at  the  surface  than  at  depths: 

2024-0  after  6  months;  2219-T6  at  a  depth  of  6,000  feet;  3003-H14  at 
the  6,000  foot  depth;  5456-H321  at  the  6,000  foot  depth;  and  5086-H34 
at  the  6,000  foot  depth.  Although  there  were  twice  as  many  cases  where 
the  maximum  pit  depths  were  deeper  at  depth  than  at  the  surface,  there 
was  no  consistency  in  the  behavior  of  the  alloys  themselves;  sometimes 
there  were  reversals  with  regard  to  duration  of  exposure  and  in  others, 
with  regard  to  depth  of  exposure. 

The  maximum  pit  depths  at  the  2,500  foot  depth  were  deeper  than  at 
the  6,000  foot  depth  after  equivalent  periods  of  exposure  on  alloys 
2219-T81;  3003-H14  after  6  months;  welded  5454-H32  after  6  months;  5456- 
H321  in  sea  water;  5086-H34;  6061-T6;  and  7079-T6  after  400  days.  For 
the  reverse  situation  where  the  maximum  pit  depths  were  deeper  at  the 
6,000  foot  depth  than  at  the  2,500  foot  depth  the  following  alloys  were 
in  this  category;  1100-H14;  2024-0  after  6  months;  3003-H14  after  400 
days;  5454-H32;  welded  5454-H32  after  400  days;  5456-H321  in  the  sedi¬ 
ments;  5456-H321;  5083-H113;  welded  5083-H113;  7079-T6;  and  7178-T6 
after  6  months. 


In  some  cases,  the  maximum  pit  depths  were  deeper  in  the  sediments 
than  in  the  water:  alloys  in  this  category  were  1100-H14;  2219-T6; 
3003-H14;  5086-H34;  6061-T6  and;  7039-T6.  Alloys  whose  naximum  pit 
depths  were  deeper  in  wafer  than  in  the  sediments  were  2014-T6;  2024-0; 
5454-H32;  welded  5083-H113;  7079-T6  and  7178-T6.  In  the  case  of  alloys; 
welded  5454-H32,  and  5456-H321  the  maximum  pit  depths  were  the  same  at 
both  the  2,500  and  6,000  foot  depths. 

There  were  more  cases  where  the  depths  of  the  maximum  pits  in¬ 
creased  with  time  of  exposure  than  where  they  did  not  increase  with 
time  of  exposure;  the  ratio  was  about  3:2.  The  greater  majority  of  the 
increases  in  maximum  pit  depths  with  time  were  exposures  in  water. 

Those  alloys  whose  maximum  pit  depths  increased  with  time,  were; 
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1100-H14  in  the  sediment  at  the  6,000  foot  depth;  2024-0  at  the  surface, 
in  water  at  2,500  feet  and  in  both  water  and  the  sediment  at  6,000  feet; 
2219-T81  at  the  surface,  in  both  water  and  the  sediments  at  2,500  and 
6,000  feet;  3003-H14  in  both  water  and  the  sediments  at  2,500  and  6,000 
feet;  welded  5454-H32  in  water  at  2,500  and  6,000  feet;  5456-H321  in 
water  at  2,500  feet;  5083  in  the  sediment  at  2.500  feet;  weided  5083-55113 
in  water  at  2,500  and  6,000  feet;  5086-H34  in  water  and  the  sediments 
at  6,000  feet;  6061-T6  at  the  surface,  and  in  both  water  and  the  sedi¬ 
ments  at  2,500  and  6,000  feet;  and  7178-T6  in  water  at  6. COO  feet. 

Those  alloys  whose  maximum  pit  depths  did  not  increase  with  increasing 
duration  of  exposure  were:  welded  5454-H32  in  the  sediments  at  2,500 
and  6,000  feet;  5456-H321  in  the  sediments  at  2,500  and  6,000  feet; 
welded  5083-H113  in  the  sediments  an  2,500  feet;  5086-H34  iu  water  and 
the  sediment  at  2,500  feet,  and;  7079-T6  in  water  and  the  sediment  at 
2,500  feet. 

The  average  pit  depth  data  were  very  similar  to  the  maximum  pit 
depth  data  with  regard  to  increasing  or  decreasing  m  depth  with  in¬ 
creasing  duration  of  exposure  and  the  majority  of  the  increases  being 
in  sea  water  exposures. 

Averaging  the  corrosion  rates  and  the  average  pit  depths  of  all 
the  5000  series  alloys  showed  that  in  water:  after  6  months  of  exposure 
the  corrosion  rates  at  the  surface  were  higher  than  at  depth;  after 
400  days  of  exposure  the  corrosion  rates  at  the  surface  and  at  the  2,500 
foot  depth  were  the  same  but  lower  than  that  at  the  6.000  fori,  depth; 
at  the  surface  and  at  2,500  feet  the  corrosion  rates  decreased  with  in¬ 
creasing  duration  of  exposure;  at  6.000  feet  the  corrot-ion  rates  in¬ 
creased  during  the  first  400  days  of  exposure  and  thereafter  decreased 
through  1064  days  of  exposure.  In  the  sediments  the  corrosion  rates  at 
the  2,500  foot  depth  decreased  with  increasing  duration  of  exposure  but 
at  the  6,00C  foot  depth  there  were  variations  with  duration  of  exposure 
with  the  overall  being  nearly  constant  with  increasing  duration  of 
exposure.  In  water  the  average  pit  depths  were  deeper  at  oepths  than 
at  the  surface;  at  2,500  feet  they  increased  in  depth  with  time;  at 
6,000  feet  they  increased  in  depth  through  the  first  400  days  of  ex¬ 
posure  and  thereafter  were  essentially  constant.  The  average  depth  of 
the  pits  decreased  with  increasing  duration  oi  exposure  in  the  sediments 
at  2,500  feet  and  there  was  an  overall  increase  in  the  average  pit 
depths  with  time  at  the  6,000  foot  depth. 

Crevice  corrosion,  however,  was  consistently  more  severe  at  depth 
than  at  the  surface. 

Many  of  the  alloys  corroded  intergranular ly;  2014-T3,  2024-T3, 
2219-T81 ,  2219-T87 ,  3003-H14,  5454-H32  welded,  *5456-15321,  5456,  5456- 
H343,  5083-H113 ,  5083-H1I3  welded,  5086-H32.  5086-1534,  6061-T6.  7002 -T6, 
7039-T6  7075-T6,  Alclad  7075-T6.  7079-T6.  Aiclad  7079-T6  and  7178-T6. 

Alloys  2024-T3 ,  7039-T6,  7075-T6,  7079-T6  and  7178-T6  were  also  exfolia¬ 
ted  . 

Alloys  2219-T87,  7079-T6,  Alclad  7079-T6  and  7178-T6  were  susceptible 
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to  -stress  corrosion  cracking  at  depth  in  the  Pacific  Ocean. 

Because  of  the  proneness  of  aluminum  alloys  to  localized  corrosion, 
corrosion  rates  calculated  from  weight  loss  data  are  not  satisfactory 
criteria  by  themselves  for  assessing  the  corrosion  behavior  of  aluminum 
alloys  as  they  ar''  for  other  classes  of  alloys  such  as  the  low-alloy 
steels.  However,  when  considered  with  other  corrosion  criteria  such 
as  pitting,  crevice  attack,  intergranular  corrosion,  etc.  they  do 
contribute  to  the  complete  picture. 

For  equivalent  periods  of  exposure  the  following  alloys  corroded 
at  greater  rates  at  depths  in  the  Pacific  Ocean  than  at  the  surface: 
1100-H14 ,  2024-0  at  6,000  feet;  3003-H14  at  2,500  feet;  Alclad  3003-H12; 
5052-0  after  6  months  at  2,500  and  6,000  feet;  5454  after  1  year  at 
6,000  feet;  5456-H321  at  2,500  feet;  5083-H113  after  1  year  at  2,500 
and  6,000  feet,  and;  6061-T6  at  2,500  feet.  Those  alloys  which  corroded 
at  greater  rates  at  the  surface  than  at  depth  were:  2024-0  at  2,500 
feet;  2219-T81;  3003-H14  after  6  months  at  6,000  feet;  5052-0  after  1 
year  at  2,500  feet;  5454  at  2,500  feet;  5456-H321  at  6,000  feet;  5083- 
H113  after  6  months  at  2,500  feet;  welded  5083-H113;  5086-H34  and;  6061- 
T6  at  6  000  feet. 

At  the  2  500  foot  depth  the  following  alloys  corroded  at  greater 
rates  than  at  the  ( ,000  foot  depth:  110G-H14  after  6  months  in  water; 
2219-T6  after  6  months  in  water  and  sediment  and  1  year  in  water; 
3003-H14  after  6  months  in  water;  Alclad  3003-H12  after  6  months  in 
water  and  1  year  in  water  and  sediment;  welded  5454-H32  after  6  months 
in  water  and  1  year  in  the  sediment;  5456- H321  after  6  months  in  water 
and  the  sediment  and  1  year  in  the  sediment;  welded  5083-H113  after  6 
months  in  water;  5086-1134  after  6  months  in  water  and  1  year  in  water 
and  sediment  and;  6061-T6. 

The  following  alloys  corroded  at  greater  rates  at  the  6,000  foot 
depth  than  at  t  '.  2,500  foot  depth;  1100-H14  after  6  months  in  the 
sediment  and  1  year  in  water  and  the  sediment;  2024-0;  2219-T81  after 
1  year  in  the  sediment;  3003-H14  after  6  months  in  the  sediment  and  1 
year  in  water  and  the  sediment;  Alclad  3003-H12  after  6  months  in  the 
sediment;  5052-H;  5454-H32;  welded  5454-H32  after  6  months  in  the 
sediment  and  1  year  in  water;  5456-H321  after  1  year  in  water;  5456- 
H343  in  water;  5Q83-H113;  welded  5083-H113  after  6  months  in  the  sedi¬ 
ment  and  1  year  in  water  and  the  sediment;  5086-H34  after  6  months  in 
the  sediment;  7079-T6  and;  7178-T6. 

The  corrosion  rates  of  the  following  alloys  increased  with  duration 
of  exposure:  1100-H14  in  the  sediment  at  2,500  feet;  2024-0  at  the  sur¬ 
face  and  in  the  sediment  at  2,500  feet;  2219-T81  in  water  at  2,500  feet; 
3003-H14  in  the  sediment  at  2,500  feet;  Alclad  3003-H12  in  the  sediment 
at  2,500  feet;  welded  5454-H32  at  2  500  feet;  5083-H113  in  water  at 
2,500  feet;  welded  5083-H113  at  2,500  feet  and  in  the  sediment  at  6,000 
feet;  5G86-H34  in  the  sediment  at  2,500  feet;  6061-T6  at  2,500  feet  and; 
7178-T6  in  water  at  2,500  feet. 

The  corrc  on  rates  of  tne  following  alloys  decreased  with  increas- 
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ing  duration  of  exposure;  11G0-H14  at  the  surface  and  in  the  water  at 
2,500  feet;  2024-0  in  water  at  2,500  feet;  3003-H14  at  the  surface,  in 
water  at  2,500  feet  and  in  the  sediment  at  6,000  feet;  Alclad  3003-H12 
at  the  surface  and  in  the  water  at  2,500  and  6,000  feet;  5454-H32  at 
the  surface  and  at  2,500  feet;  welded  5454-H32  in  the  sediment  at  6,000 
feet;  5456-H321  at  2,500  feet;  5083-H113  at  the  surface  and  in  the 
sediment  at  2,500  feet;  5086-H34  in  water  at  2,500  feet;  6061-T6  at 
the  surface;  7079-T6  at  2,500  feet  and  in  water  at  6,000  feet  and; 

7178-T6  in  the  sediment  at  2,500  feet. 

There  was  neither  a  constant  increase  nor  a  constant  decrease  in 
the  corrosion  rates  with  increase  in  duration  of  exposure  of  some  of 
the  alloys  at  the  6,000  foot  depth.  They  were;  1100-H14  in  water,  the 
corrosion  rates  increased  through  751  days  and  then  decreased  with  an 
overall  increase;  1100-H14  in  the  sediments  where  there  was  an  overall 
decrease;  2024-0  in  water  where  the  corrosion  rates  increased  through 
400  days  of  exposure  and  thereafter  decreased  with  an  overall  decrease; 
2024-0  in  the  sediments  where  there  was  an  overall  decrease;  2219-T81 
in  water  where  there  was  an  increase  through  400  days  and  thereafter  a 
d-.  ease  with  a  net  decrease;  2024-0  in  the  sediment  where  there  was 
an  increase  through  400  days  and  thereafter  a  decrease  with  an  overall 
increase;  3003-H14  in  water  where  there  was  an  increase  through  400 
days  and  thereafter  a  decrease  with  an  overall  increase;  Alclad  3003-H12 
in  the  sediment  where  there  was  an  overall  decrease.  Also,  5454-H32 
in  water  where  there  was  an  increase  through  400  days  and  thereafter  a 
decrease  with  an  overall  increase;  5456-H321  in  water  where  there  was 
an  increase  through  750  day^  and  thereafter  a  decrease  with  an  overall 
increase;  5456-H321  in  the  sediments  where  the  corrosion  rates  decreased, 
increased,  and  again  decreased  with  an  overall  decrease;  5456-H343  in 
water  where  there  was  an  overall  decrease;  welded  5083-H113  in  water 
where  there  was  an  overall  increase;  5086-H34  in  water  where  there  was 
an  increase  through  750  days  and  thereafter  a  decrease  with  an  overall 
increase;  5086-H34  in  the  sediment  where  there  was  a  decrease  followed 
by  an  increase  with  a  slight  overall  decrease;  6061-T6  in  water  where 
there  was  an  increase  through  750  days  and  thereafter  a  decrease  with 
the  corrosion  rates  becoming  practically  constant  after  400  days  of 
exposure,  6061-T6  in  the  sediment  where  the  overall  corrosion  rate  was 
nearly  constant  through  1064  days  of  exposure;  7079-T6  in  the  sediment 
where  there  was  a  slight  increase  followed  by  a  decrease  with  an  over¬ 
all  decrease  and;  7178-T6  in  water  where  there  was  an  increase,  through 
400  days  and  thereafter  a  decrease  with  an  overall  decrease. 

Comparisons  of  the  deep  ocean  data  and  surface  data  from  both  the 
Atlantic  and  Pacific  Oceans  showed  differences  in  behavior.  The  cor¬ 
rosion  rates  of  alloys  1100-H14,  5086-1134,  6061-T6  and  7079-T6  were 
greater  at  a  depth  of  6,000  feet  in  the  Pacific  Ocean  than  at  a  depth 
of  5,600  feet  in  the  Tongue-of-the-Ocean,  Atlantic  Ocean  and  that  of 
5052  was  greater  than  at  a  depth  of  4,500  feet  in  the  Tongue-of-the- 
Ocean,  Atlantic  Ocean,  The  corrosion  rate  of  1100-H14  in  the  sediment 
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at  a  depth  of  6,000  feet  was  the  same  as  that  in  water  at  a  depth  of 
5,600  feet  in  the  Tongue- of- the-Ocean,  Atlantic  Ocean  after  1050  days 
of  exposure.  The  corrosion  rates  at  a  depth  of  6,000  feet  in  the 
Pacific  Ocean  were  greater  than  at  the  surface  at  the  given  locations 
for  the  following  alloys:  1100-H14  at  Harbor  Island,  Panama  Canal, 

Port  Huenetne  HArbor  and  Point  Mugu;  3003-H14  and  5052  at  Harbor  Island, 
Port  Hueneme  Harbor  and  Point  Mugu;  and  6061-T6  at  Harbor  Island,  and 
the  Panama  Canal.  After  1  year  of  exposure  the  corrosion  rates  of 
1100-H14  alloy  in  the  sediment  at  a  depth,  of  2,500  feet  was  the  same  as 
those  at  the  surface  at  Harbor  Island,  Panama  Canal  and  Point  Mugu. 

The  corrosion  rates  of  alloy  3003-H14  at  the  2,500  foot  depth  were  the 
same  as  those  at  the  surface  at  Port  Hueneme  Harbor  after  one  year  of 
exposure;  and  those  at  the  surface  at  Port  Hueneme  Harbor  were  twice 
those  at  the  surface  at  Point  Mugu.  The  corrosion  rates  of  alloy  5052 
at  a  depth  of  2,500  feet  were  the  same  as  those  at  the  surface  at 
Harbor  Island,  Port  Hueneme  Harbor  and  Point  Mugu.  The  corrosion  rates 
of  welded  5083-H113  at  depths  of  2,500  and  6,000  feet  and  the  unwelded 
alloy  at  a  depth  of  2,500  feet  were  greater  than  those  at  the  surface 
at  Harbor  Island.  The  corrosion  rates  of  the  unwelded  and  welded  5083- 
H113  at  the  2,500  foot  depth  were  the  same  as  those  at  the  surface  at 
Point  Mugu  after  one  year  of  exposure  and  were  higher  than  those  at 
Harbor  Island. 

Before  aluminum  alloys  can  corrode  in  any  environment,  the  natur¬ 
ally  formed  protective  oxide  ti)m  must  fail,  thus  permitting  access  of 
the  environment  to  the  bare  metal  surface.  The  time  to  failure  is  dir¬ 
ectly  influenced  by  the  environment  and  by  the  influence  of  alloying 
ingredients  in  the  alloy  on  the  morphology  and  the  properties  of  the 
oxide  film.  In  a  surface  sea  water  environment  this  protective  oxide 
film  breaks  down  more  readily  than  in  most  other  environments  and  its 
repair  and  growth  is  retarded  by  the  chloride  ion. 

In  surface  sea  water  the  corrosion  rates  of  aluminum  alloys  usually 
decrease  with  time.  Surface  sea  water  is  saturated  with  oxygen  at  all 
times,  the  pressure  is  atmospheric,  the  pH  is  usually  about  8.0,  the 
temperature  varies  with  the  seasons,  and  there  is  usually  movement  of 
the  sea  water  (tidal  action) . 

At  the  depths  at  which  these  exposures  were  conducted  the  concen¬ 
trations  of  oxygen  in  the  sea  water  were  much  lower  than  at  the  surface, 
the  temperatures  were  constant  and  much  lower  than  at  the  surface,  there 
were  no  appreciable  currents,  the  pH  values  were  lower  than  at  the  sur¬ 
face,  and  the  pressures  were  higher  than  at  the  surface.  In  addition, 
there  was  significant  amounts  of  phosphate  in  the  sea  water  as  indicated 
by  the  presence  of  significant  amounts  of  phosphate  in  the  aluminum 
alloy  corrosion  products.  Another  condition  was  the  presence  of  a 
transparent,  hard ,  shiny  film  which  had  formed  on  some  of  the  alloys 
particularly  during  the  first  123  days  of  exposure  at  the  6,000  foot 
depth. 

The  protective  oxide  films  on  the  aluminum  alloys  were  undoubtedly 
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affected  by  one  or  more  of  the  above  variables  such  that  they  failed  in 
a  different  manner  or  in  a  different  period  of  time.  This  difference 
in  behavior,  in  turn,  influenced  the  corrosion  behavior  of  the  alloys 
such  that,  for  many  of  them,  their  corrosion  rates  were  erratic  as 
shown  in  the  previous  paragraphs. 

Maximum  pit  depths  at  depths  of  2,500  and  6,000  feet  of  alloys 
1100,  3003  and  6061-T6  were  deeper  than  those  at  the  surface  at 
Harbor  Island  after  equivalent  periods  of  exposure. 

The  cladding  alloys  on  the  Alclad  alloys  effectively  protected 
the  core  alloys  against  pitting  corrosion  and  impairment  of  mechanical 
properties  for  the  duration  of  time  they  were  exposed  at  depth. 

Corrosion  products  consisted  of  amorphous  A^O-.X^O,  NaCl,  SiO^, 

Na,  Mg,  Si,  Cu,  Fe,  Ti,  Ca,  Mn,  2'.n,  chloride,  sulphate  and  phosphate 
ions . 

The  mechanical  properties  of  1100-H14,  1180,  the  5000  Series  alloys 
except  5456-H321,  Alclad  7002-T6  and  Alclad  7079-T6  were  unaffected  by 
exposure  at  depth  in  the  Pacific  Ocean.  The  alloys  whose  mechanical 
properties  were  adversely  affected  by  exposure  at  depth  in  the  Pacific 
Ocean  were:  the  2000  Series  alloys;  the  3000  Series  alloys;  5456-H321; 
6061-T6;  and  the  7000  Series  alloys  except  Alclad  7002-T6  and  Alclad 
7079-T6. 

CONCLUSIONS 

Based  on  corrosion  rates,  exfoliation  attack,  depth  of  crevice 
corrosion,  and  maximum  and  average  pit  depths,  water  at  depth  in  the 
Pacific  Ocean  was  judged  to  be  more  aggressive  than  at  the  surface. 

The  sediment  was  considered  more  corrosive  than  the  water  at 
depth  because  of  the  large  areas  of  attack  on  the  portions  of  the  speci¬ 
mens  embedded  in  the  sediment. 

The  alloys  which  were  susceptible  to  the  exfoliation  type  of  cor¬ 
rosion  would  not  be  suitable  for  sea  water  applications.  These  alloys 
were  2024-T3,  7039-T6,  7075-T6,  7079-T6  and  7178-T6. 

The  balance  of  the  aluminum  alloys,  because  of  either  pitting  or 
crevice  attack  or  both  and  the  lowering  of  their  mechanical  properties, 
should  not  be  used  for  sea  water  applications  without  suitable  protection. 
Protection  such  as  painting,  anodizing  or  galvanic  anodes  preferably  in 
combination  should  be  provided. 

The  cladding  alloys  on  the  Alclad  alloys  protected  the  core  alloys 
from  corrosion  and  adverse  effects  on  their  mechanical  properties. 

However,  because  of  the  rapid  rate  of  removal  of  the  sacrificial  clad¬ 
ding  alloys  protection  should  be  provided  to  them  for  sea  water 
applications . 
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Table  6.  Corrosion  Rates  and  Pit  Depths  of  Aluminum  -  Magnesium  Alloys  (5000  Series) 
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Table  7.  Average  Corrosion  Rates  and  Average  Pit 
Depths  of  Al-Mg  Alloys  (5050,  5052, 
5454,  5456,  5083  and  5086) 


Exposure , 
Days 

Depth, 

Feet 

181 

5 

366 

5 

197 

2340 

402 

2370 

123 

5640 

403 

6780 

751 

5640 

1064 

5300 

Average 

Corrosion  Rate, 
MPY 


Water  I  Sediment 


1.1 

0.6 

0.9 

0.6 

0.8 

1.9 

1.6 


0.8 

0.6 

1.9 

0.7 

2.7 

1.4 


Average 
Pit  Depths, 
Mils, 


Water j  Sed imei 


5.0 


17.4 

32.4 
11.8 
50.0 
48.6 
46.2 


22.8 

13.5 

36.5 

31.6 

29.7 

47.8 
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Alloy 

Intergranular 

Corrosion 

Intergranular 

Precipitation 

2014-T6 

Yes 

Yes 

2024-T3 

Yes* 

Yes 

2 219-T81 

Yes 

No 

2219-T87 

Yes 

Yes 

3 003 -H 14 

Yes 

No 

5454-H32  welded 

Yes 

No 

5456-H321 

Yes 

Yes 

5456- (BA28~%H) 

Yes 

Yes 

5456-H343 

Yes 

Yes 

5083-H113 

Yes 

Yes 

5083-H113 ,  welded 

Yes 

Yes 

5086-H32 

Yes 

Yes 

5086-H34 

Yes 

Yes 

6061-T6 

Yes 

YeS 

X7002-T6 

Yes 

Yes 

7039-T6 

Yes* 

Yes 

7075-T6 

Yes* 

Yes 

Alclad  7075-T6 

Zone  attack  on  line  between 
clad  and  core  alloys 

7079-T6 

Yes* 

Yes 

Alclad  7079-T6 

Yes,  along  a  line  in  core 
alloy  next  to  clad  layer 

Yes 

7178-T6 

Yes* 

Yes 

Exfoliated 


Table  11.  Stress  Corrosion  of  Aluminum  Alloys 


Alloy 

Stress , 
KSI 

Strength, 

Percent 

Exposure, 

Days 

Depth, 

Feet 

Specimens 

Exposed 

Failed 

1100-H14 

7.5 

50 

402 

■■ 

3 

0 

1100-H14 

11.8 

75 

402 

WSSBm 

3 

0 

1180 

6.3 

50 

402 

msm 

3 

0 

1180 

9.5 

75 

402 

m 

3 

0 

2014-T6 

30.8 

50 

402 

2370 

3 

0 

2014-T6 

46.1 

75 

402 

2370 

3 

0 

2219-T81 

25.0 

50 

402 

2370 

3 

0 

2219-T81 

37.5 

75 

402 

2370 

3 

0 

2219-T87 

25.3 

50 

402 

2370 

3 

0 

2219-T87 

37.9 

75 

402 

2370 

3 

3 

3003-H14 

6.1 

50 

402 

2370 

3 

0 

3003-H14 

9.1 

75 

402 

2370 

3 

0 

5050-H34 

11.0 

50 

402 

2370 

3 

0 

5050-H34 

16.6 

75 

402 

2370 

3 

0 

5052-H34 

14.9 

50 

402 

2370 

3 

0 

5052-H34 

22.4 

75 

402 

2370 

3 

0 

5454-H32<1) 

12.0 

75 

403 

6780 

2 

0 

5454-H32<1) 

11.8 

75 

197 

2340 

3 

0 

5454-H32(1) 

11.8 

75 

402 

2370 

3 

0 

5456-H32 

20.2 

50 

402 

2370 

3 

0 

5456-H32 

30.4 

75 

402 

2370 

3 

0 

5083-Hll3(1> 

15.0 

75 

403 

6780 

2 

0 

5083-H113(J-> 

14.6 

75 

197 

2340 

3 

0 

5083-H113(1) 

14.6 

75 

402 

2370 

3 

0 

5086-H32 

15.1 

50 

402 

2370 

3 

0 

5086-H32 

22.7 

75 

402 

2370 

O 

0 

X7002-T6 

30.2 

50 

402 

2370 

3 

0 

X7002-T6 

45.4 

75 

402 

2370 

3 

0 

Alclad  X7002-T6 

28,3 

50 

402 

2370 

3 

0 

Ale lad  X7002-T8 

42.5 

75 

402 

2370 

3 

0 

7079-T6 

33.6 

50 

402 

2370 

3 

2 

7079-T6 

50.4 

75 

402 

237C 

3 

3 

Alclad  7079-T6 

35.  C 

50 

402 

2370 

3 

1 

Alclad  7079-T6 

52.5 

75 

402 

2370 

3 

2 

7178-T6 

40.7 

50 

402 

2370 

3 

0 

71/8-T6 

61.2 

75 

402 

2370 

3 

3 

(1)  Welded 
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Table  12,  Original  Mechanical  Properties  of  Aluminum  Alloys 


Alloy 

Thickness, 

in. 

Tensile 

Strength, 

KSI 

Yield 
Strength , 
(0.2%  offset) 
KSI 

Elongation 
in  2", 
Percent 

1100-H14 

0,050 

19.3 

17.9 

7.0 

1180 

0.050 

14.9 

13.9 

10.7 

2014-T6 

0.050 

68.4 

61.5 

11.0 

2219-T81 

0.125 

64.7 

50.0 

11.8 

2219-T81 

0,062 

67.3 

50.7 

9.8 

2219-T87 

0.040 

61.4 

50.6 

10.0 

3003-H14 

0.120 

22.5 

21.4 

17.5 

3003-H14 

0.063 

20.9 

19.1 

8.3 

Alclad  3003-H12 

0.125 

18.7 

17.5 

13.7 

5050-H34 

0.050 

27.8 

22.1 

8.2 

5052-H34 

0.050 

37.2 

29.8 

9.2 

5083-H113 

0.260 

50.1 

37.8 

14.0 

5083-H113,  welded 

0.260 

42.1 

19.6 

13.3 

5086-H32 

0.063 

44.2 

30.2 

13.5 

5086-H34 

0.125 

48.3 

37.2 

11.8 

5454-H32 

0.160 

40.5 

30.6 

13.0 

5454-H32,  welded 

0.160 

35.3 

15.7 

13.5 

5456-H321 

0.130 

55.5 

38.8 

13.5 

5456-H32 

0.048 

49.5 

36.2 

15.0 

5456-H343 

0.066 

57.8 

45.6 

9.2 

6061-T6 

0.123 

47.5 

41.2 

17.0 

X7002-T6 

0.063 

70.1 

58.2 

14.3 

Alclad  X7002-T6 

0.062 

64.7 

53.5 

15.0 

7039-T6 

0.268 

69.0 

60.1 

14.0 

7079-T6 

0.077 

76,4 

67.0 

10.7 

Alclad  7079-T6 

0.062 

78.2 

68.9 

12.3 

7178-T6 

0.064 

85.2 

79.4 

8.3 

7178-T6 

0.050 

89.9 

80.9 

12.2 

Oxygen,  rl/J 
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Figure  5.  Corrosion  rates,  maximum 
Series  alloys. 
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Figure  18.  Average  pit  depths  of  aluminum-magnesium  alloys  (5000 
Series)  vs  oxygen  concentration  of  sea  water. 
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Figure  21.  Corrosion  rates,  maximum  and  average  pit  depths  of 
6061-T6  alloy. 
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Figure  25.  Severe  exfoliation  of  7039-T6  after 
403  days  of  exposure  at  a  depth  of 
6  000  feet.  Plate  thickness  has 
i  icreased  four  times. 
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Figure  28.  Intergranular  corrosion  and  inter¬ 
granular  precipitation  in  5086-H34 
alloy.  Keller's  etch.  X500. 
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Figure  29.  Intergranular  corrosion  in  6061-T6 
alloy.  Unetched.  X500. 


Figure  30.  Exfoliation  type  of  intergranular 

corrosion  in  7178-T6  alloy.  Keller's 
etch.  X200. 


Figure  3’..  Exfoliation  type  of  intergranular 

corrosior  in  7039-T6  alloy.  Keller's 


Figure  32.  Effect  of  strain  hardening  on  the 
corrosion  of  5086  alloy  after  751 
days  of  exposure  at  a  depth  of  6,000 
feet  in  the  Pacific.  Ocean. 


Figure  33.  Alclad  7178-T6  buoy  on  board  ship 
after  recovery. 
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Figure  34.  A  blister  on  the  top  hemisphere  of 
the  buoy  shown  in  Figure  33. 
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Figure  35.  Crystalline  aluminum  oxide  corrosion 
products,  in  situ,  which  tilled  the 
blister  shown  in  Figure  34. 
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Figure  37.  Corrosion  path  in  cladding  alloy 
with  e  thin  diffusion  layer  sep¬ 
arating  it  from  the  core  alloy. 
Keller's  etch.  X100. 
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1  1  M.,1  I’llMINTARY  NOTES 

1/  SPONSORING  MILITARY  AC  TIVITY 

Naval  Facilities  Engineering  Command 
Washington,  D.  C.  20390 

A  total  of  900  specimens  of  40  different  aluminum  alloys  were  exposed  at  depths 
of  2,500  and  6,000  feet  in  the  Pacific  Ocean  for  periods  of  time  varying  from  123  to 
1064  days  in  order  to  determine  the  effects  of  deep  ocean  environments  on  their  cor¬ 
rosion  resistance. 

Corrosion  rates,  types  of  corrosion,  pit  depths,  stress  corrosion  cracking  re¬ 
sistance,  changes  in  mechanical  properties  and  compositions  of  corrosion  products 
are  presented. 

Alloys  2219-T87,  7079-T6,  7178-T6  and  Alclad  7079-T6  were  susceptible  to  stress 
corrosion  cracking. 

Alloys  2024-T3,  7039-T6,  7075-T6,  7079-Y6  and  7178-T6  were  attacked  by  the  ex¬ 
foliation  type  of  corrosion. 

All  the  alloys  were  attacked  by  pitting  and  crevice  types  of  corrosion. 

With  reference  to  aluminum  alloys,  sea  water  at  depth  was  more  aggressive  than 
at  the  surface  and  the  bottom  sediments  were  more  corrosive  than  the  sea  water  at 
depth  in  the  Pacific  Ocean. 

Aluminum  alloys  not  susceptible  to  stress  corrosion  cracking  and  exfoliation 
corrosion  can  be  used  for  deep  sea  applications  if  adequately  protected  and  if  brought 
to  the  surface  periodically  for  maintenance  of  the  protective  system. 
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Figure  21.  Corrosion  rates,  maximum  and  average  pit  depths  of 
6061-T6  alloy. 


concentration  after  1  year  of  exposure. 


